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Microbial rhodopsinHalorhodopsin (HR) functions as a light-driven inward Cl− pump. The Cl− transfer process of HR from
Natronomonas pharaonis (NpHR) was examined utilizing a mutant strain, KM-1, which expresses large amount
of NpHR in a complex with the carotenoid bacterioruberin (Brub). When Cl− was added to unphotolyzed Cl−-
free NpHR–Brub complex, Brub caused the absorption spectral change in response to the Cl− binding to NpHR
through the altered electrostatic environment and/or distortion of its own conﬁguration. During the Cl−-puming
photocycle, on the other hand, oppositely directed spectral change of Brub appeared during the O intermediate
formation and remained until the decay of the last intermediate NpHR′. These results indicate that Cl− is released
into the cytoplasmic medium during the N to O transition, and that the subsequent NpHR′ still maintains an al-
tered protein conformation while another Cl− already binds in the vicinity of the Schiff base. Using the cell enve-
lope vesicles, the effect of the interior negative membrane potential on the photocycle was examined. The
prominent effect appeared in the shift of the N–O quasi-equilibrium toward N, supporting Cl− release during
the N to O transition. The membrane potential had a much larger effect on the Cl− transfer in the cytoplasmic
half channel compared to that in the extracellular half channel. This resultmay reﬂect the differences in dielectric
constants and/or lengths of the pathways for Cl− transfers during N to O and O to NpHR′ transitions.
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Halorhodopsin (HR) is amembrane protein that functions as a light-
driven chloride ion pump [1] and belongs to the microbial rhodopsins,
including ion pumps, cation channels and light-sensors [2,3]. Like
othermicrobial rhodopsins, HR consists of a bundle of seven transmem-
brane helices that surround the retinal bound to a speciﬁc lysine residue
via a protonated Schiff base. The light-induced isomerization of retinal
from the all-trans to 13-cis conﬁguration triggers the cyclic photoreac-
tion of HR called a “photocycle”. This cycle includes the sequential for-
mation and decay of several intermediates. During the cyclic reaction,
HR translocates a Cl− from the extracellular (EC) space to the cytoplas-
mic (CP) space [4,5]. This inward Cl− transport is thought to contribute
to maintaining a high salt concentration in the cell interior and/orP, cytoplasmic; NpHR, HR from
dissociation constant; Brub,
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wa).supporting energy transduction by acting as part of the proton motive
force in ATP synthesis [6–8].
After the original discovery of HR from an extreme haloarchaeon,
Halobacterium salinarum [9],manyHRhomologues have been identiﬁed
from different sources. However, most studies have been conducted
using the original HR from H. salinarum and HR from Natronomonas
pharaonis (NpHR), an extremely haloalkaliphilic archaeon. In their
dark states, both HRs bind Cl− in the vicinity of a Schiff base NH+
which is oriented toward the EC side [10,11]. During the photocycle,
this Cl− is considered to move to the CP side over the Schiff base region
and then to be released to the CP space. After that, another Cl− is cap-
tured on the EC side, which subsequently occupies the primary Cl−
binding site [4,5]. These Cl− transfers should occur by the formation of
particular intermediates; however, the details are not fully deﬁned. In
contrast, for the well-studied proton pump bacteriorhodopsin (BR), se-
quential proton transfer steps are clearly associated with individual in-
termediates [12,13].
Based on visible absorption and electrogenicity kinetic studies, Váró
et al. and Ludmann et al. proposed the following scheme for the NpHR
photocycle: NpHR→ K↔ L1↔ L2↔ N↔ O↔ NpHR′→ NpHR [14,
15]. The two L intermediates, L1 and L2, have the same absorption
Fig. 1. Photocycle scheme of NpHR. Previously deduced scheme [20] is shown together
with the results of present study. The P4 state includes a small contribution of O, which
is not shown here. The spectral change of Brub occurs at O and remains in NpHR′. The in-
terior negative membrane potential (ΔΨ) shifts the N–O equilibrium toward N and slows
down the decay of P3 and P4 states.
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trally silent. Váró et al. noticed that, among all of the rate constants, only
the O→ NpHR′ and O→ N accelerated with increasing Cl− concentra-
tion. Thus, they concluded that the O intermediate is a Cl−-free form
[14]. This conclusion is credible because of the following two facts:
Only the O intermediate has a redshifted absorption spectrum and re-
moval of Cl− from NpHR in the dark shows redshift due to disappear-
ance of electrical interaction of Cl− and positively charged protonated
Schiff base. The same conclusion was also reported using a transient
grating experiment where the Cl− diffusion signal was detected syn-
chronously with the appearance of O [16]. Furthermore, FTIR spectros-
copy suggested structural similarity between the O intermediate and
the anion-free unphotolyzed state [17]. However, the previous ﬂash-
induced voltagemeasurements led to the conclusion that O does not ap-
pear in the Cl− transport photocycle [18]. On the other hand, other volt-
age measurements detected large electrogenicity during O formation
[15,19]. These data support the model that Cl− release is associated
with O formation.
Previously, we analyzed the photocycle of NpHR [20,21] according to
the sequential irreversible model of Chizhov et al. [22]. This model de-
scribes the scheme without the reverse reaction as: P0 → P1 →
P2 → … → Pn → P0, where P0 represents the original NpHR before
ﬂash excitation and Pi (i = 1 to n) represents a kinetically deﬁned
state that may contain a few physically deﬁned intermediates if their
quasi-equilibrium attains during the photocycle. We analyzed the
photocycle after the K intermediate due to the slow response of the ap-
paratus and found that the photocycle after the K intermediate was de-
scribed by four Pi (i = 1 to 4) states. The third state P3 was a quasi-
equilibrium between N and O [20,21]. This quasi-equilibrium was also
reported in other studies where these two intermediates appear and
decay over nearly the same time course [14,23]. O contains all-trans ret-
inal [24]. For N, the retinal conﬁguration is not fully deﬁned. However,
previous time-resolved FTIR study detected N-like intermediate and
showed its retinal to be in a 13-cis form [25]. Thus, the quasi-
equilibrium between N and O implies a very low barrier between
them. In the P3 state, this equilibrium shifts toward Owith the decrease
of Cl− concentration, suggesting that the O intermediate is a Cl− releas-
ing state [20,21]. A similar Cl− dependence was also reported by
Chizhov and Engelhard [23]. From the Cl− dependence of the N–O equi-
librium, the dissociation constant of Cl− (Kd) was estimated to be ~1 M
[20,21]. P4 is found to be a mixture of notable amount of NpHR′ and a
faint amount of O [20]. This implies that NpHR′ forms from O and
does not form from N. Fig. 1 schematically shows this photocycle to-
gether with the results of present study. This photocycle scheme is es-
sentially the same with that of Ludmann et al. [15].
Previously, NpHR-overproducing strain KM-1 was generated by UV
mutagenesis from N. pharaonis type strain DSM2160T [26]. Although
the amino acid sequence of NpHR was not altered in this strain, the
overexpression of NpHR was caused through a point mutation in the
bacteriorhodopsin activator homologue of N. pharaonis. NpHR in KM-1
forms unique trimmer structure, in which the carotenoid Brub binds
to crevices between NpHR monomers [11]. The crystal structure of
this trimmer unit is shown in Fig. 2. Carotenoids are known to exhibit
absorption spectral changes depending on their electrostatic environ-
ment and conﬁguration [27–30]. Furthermore, Brub in the KM-1 mem-
branewas reported to change its absorption spectrumuponCl− binding
to unphotolyzed NpHR [26,31]. Thus, Brubmight change its spectrum in
response to Cl−movement during the photocycle. We performed ﬂash-
photolysis experiments for the KM-1membrane fragment and analyzed
the absorption spectral change of Brub. Detailed analysis according to
the sequential irreversible model revealed that the spectral change oc-
curred in response to the formation of O and, to a lesser extent,
remained until decay of NpHR′. On the other hand, an oppositely direct-
ed spectral changewas observedwhen Cl−was added to Cl−-free NpHR
in the dark state. Using cell envelope vesicles prepared from KM-1 cells
we further observed that the interior negative membrane potentialdecreased O accumulation and slowed O decay. These results indicated
that Cl− release occurs during O formation, and the subsequent product
is NpHR′ and not N.
2. Materials and methods
2.1. Growth conditions and cell disruption of KM-1
The growth medium was essentially the same as in Hirayama et al.
[32]. The following two solutions were autoclaved separately. Solution
A (per litter): Yeast Extract (Difco), 20 g; Casamino acids (Difco), 15 g;
Na3-citrate∙2H2O, 6 g; KCl, 4 g; MgSO4∙7H2O, 2 g; MnCl2∙4H2O,
0.72 mg; FeSO4∙7H2O, 100 mg; NaCl, 200 g. Solution B (per litter):
NaCl, 200 g; Na2CO3∙10H2O, 100 g. After cooling to room temperature,
equal volumes of each were mixed and then used for the growth medi-
um. The cells were grown aerobically at 37 °C. Starter cultures in 5mL of
medium inoculated with a single colony were grown and were used to
inoculate 4 L growths in a 5-L ﬂask. Then, the cells in stationary phase
were harvested and washed twice with a solution of 4 M NaCl and
50 mM HEPES, pH 7. They were then resuspended with 200 mL of the
same solution, and completely frozen by immersing in liquid nitrogen.
Thawed suspensions were used for the membrane isolation and vesicle
preparation described below.
2.2. KM-1 membrane isolation
A thawed suspension was mixed with 9 volumes of distilled water
including 5 mg of DNase I (Sigma), and stirred for 1 h at room temper-
ature and then overnight at 4 °C. After removal of any large debris by
centrifugation at 6400 g for 30 min, the supernatant was centrifuged
at 178,000 g for 1 h. The precipitated membrane fractions were washed
6 times with distilled water and then suspended in 1% Tween 20. After
gentle stirring for 1 h at room temperature, the membrane fractions
Fig. 2. Trimeric NpHR–Brub complex from KM-1 membrane. Side view of the complex
(A) and the top view from the CP side (B) are shown. Retinal (magenta) shown in sticks
binds to Lys256 via a protonated Schiff base, and Brub (yellow) shown in spheres binds
to crevices between the NpHR monomers. The red spheres represent oxygen atoms. The
green spheres represent chloride ions bound near the Schiff base (Site I) and bound to
the site at the CP end of Brub (Site II). Two chloride ions are shown per NpHR monomer,
thus, six chloride ions are shown per NpHR trimer. PDB code is 3A7K.
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50 mM HEPES, pH 7.
2.3. KM-1 vesicle preparation and imposition of interior negative
membrane potential
After adding 5 mg of DNase I, the thawed suspension of KM-1 cells
was stirred for 1 h at room temperature and then overnight at 4 °C.
The large debris was removed as described above and the supernatant
was centrifuged at 178,000 g for 30 min. The collected vesicles were
washed twice with 4 M NaCl and concentrated in a few milliliters of
4 M NaCl. To load KCl inside, the concentrated vesicle was diluted
1:100 into 3.3 M KCl containing 50 mM MOPS, pH 7, and then gently
stirred for 1 h at room temperature. The vesicles were collected by cen-
trifugation, resuspended in the same buffer, and gently stirred over-
night at 4 °C. By centrifugation, the vesicles were then highly
concentrated in the same buffer. The right-side-out ratio of the vesicles
was approximately 70%, which was checked by the menadione/NADH
method [33]. Furthermore, these vesicles showed high Cl− pumpingactivity upon light irradiation. This activity was conﬁrmed by the con-
ventional pH electrode method [34]. To impose the K+ diffusion poten-
tial, the concentrated vesicles were diluted 1:100 into a solution of
3.3 M NaCl containing 50 mMMOPS, pH 7. Then, valinomycin (Sigma)
was added from a 0.1 mM ethanolic stock to a ﬁnal concentration of
0.4 μM. The K+ concentration outside the vesicle, [K+]out, was 1/100
of that inside the vesicle, [K+]in. Thus, the imposedmembrane potential
was−118 mV, as calculated by the Nernst equation:
ΔΨmV ¼ ‐59 log Kþ
 
in= K
þ 
out
  ð1Þ
The ﬂash photolysis method was applied to these vesicles to exam-
ine the photocycle of NpHR in the presence of this interior negative
membrane potential. In this method, the sample is irradiated by a
repeated laser ﬂash and a continuous monitoring light. Even in the ab-
sence of valinomycin, the interior negative membrane potential might
be slightly imposed due to Cl− transport of NpHR. For the measure-
ments at a 0 mV membrane potential, thus, carbonyl cyanide m-
chlorophenyl hydrazone (CCCP) and triphenyltin (TPT) were added
(10 μM each) after the 1:100 dilution of the vesicles into 3.3 M NaCl.
2.4. Preparation of recombinant NpHR from E. coli cells
The expression and puriﬁcation of histidine-tagged NpHR has been
described in detail elsewhere [35]. Brieﬂy, E. coli BL21(DE3) cells
harboring the expression plasmid were grown at 37 °C in 2 × YT medi-
um. The NpHR expression was induced by 1 mM isopropyl-β-D-
thiogalactopyranoside in the presence of 10 μM all-trans retinal. After
that, the cells were harvested and disrupted by a French press. The
collected membrane fraction was then solubilized with n-dodecyl β-D-
maltopyranoside (DDM) (Dojindo Lab, Kumamoto, Japan), and the sol-
ubilized NpHR was puriﬁed by Ni-NTA-agarose (Qiagen, Hilden,
Germany) in the presence of 0.1% DDM. The samples were then re-
placed by the appropriate buffer solution by two passages over a PD-
10 column (Amersham Bioscience, Uppsala, Sweden).
2.5. Absorption spectrum measurements
The absorption spectra were measured by UV1800 UV–VIS spectro-
photometer (Shimadzu, Kyoto, Japan). For the measurements of the
KM-1 membrane fragments, a small amount of DDM (0.01%) was
added to prevent membrane aggregation. However, the obtained spec-
tra still included large scattering artifacts. Thus, the Cl−-induced spec-
tral changes were calculated after subtraction of scattering curves,
which were determined by ﬁtting two wavelength regions (340–360
and 725–750 nm) with A + B/λ+ C/λ2, where A, B and C denote the
ﬁtting parameters and λ denotes thewavelength. From the Cl−-induced
absorbance changes (ΔA) of NpHR and Brub, the Kd of Cl− was deter-
mined by ﬁtting the data to the equation:
ΔA ¼ ΔAmax  Cl−½ n= Kdn þ Cl−½ n
  ð2Þ
whereΔAmax and n represent themaximum absorbance change and the
Hill coefﬁcient, respectively.
2.6. Flash-photolysis spectroscopy
The ﬂash-photolysis apparatus equipped with Nd-YAG laser
(532 nm, 7 ns) was described previously [36]. For all samples, the
time-dependent absorbance changes were measured from 410 to 710
or 720 nm at 5 or 10 nm intervals. At each selected wavelength, 30–
100 ﬂashes were used to improve the signal-to-noise ratio. Data points
on a logarithmic time scale were picked from the observed data for the
plots and the following analysis. As described in the introductory sec-
tion, we employed an irreversible sequential model based on Chizhov
et al. [22]. The present analysis procedure was essentially the same as
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lengths were ﬁt simultaneously to this model. Using the ﬁtting results,
the decay rate constants (ki) of the kinetically deﬁned Pi state and the
absorption differences between Pi and the original state P0 (Δεi) were
calculated. To determine the absolute spectra of each Pi state, the ab-
sorption spectrum of the P0 state is necessary. However, the spectrum
of KM-1 membrane fragment includes strong absorption due to Brub.
Thus, we used the spectrum of NpHR puriﬁed from E. coli in 10 mM
MOPS, pH 7, containing 0.1% DDM and 1 M NaCl. This spectrum still in-
cludes background scattering and absorption due to the aromatic resi-
dues. Thus, the pure retinal spectrum was extracted by spectral
decomposition as described previously [20,36] and was then used as
the spectrum of P0. By adding this retinal spectrum to the absorption
difference (Δεi), the absolute spectra of each Pi state were obtained.Fig. 3. Cl−-induced absorbance changes of NpHR in the dark state. The left panels (A–C) are the
containing 0.01% DDM, 133 mM Na2SO4 and 0–400 mM NaCl. In Panel A, the spectra are show
inset (see Materials and methods section). The calculated difference spectra from the Cl− free s
betweenΔA538 andΔA556 (ΔA538–ΔA556) were derived from Panel B, and they are plotted in Pa
respectively. These corresponding results for NpHR puriﬁed from E. coli cells are shown in th
133 mM Na2SO4 and 0–400 mM NaCl. In Panel D, absorption spectra are shown without the sc
using Eq. (2). The determined parameter values were as follows: Panel C, Kd = 6.1 mM and
and n = 0.91, respectively.3. Results
3.1. Cl− induced Brub spectral change in the dark state
The membrane fragments from KM-1 are claret colored due to two
pigments, Brub and NpHR. In the absorption spectrum (Fig. 3A inset),
the characteristic sharp peaks of Brub appeared at approximately
450–550 nm and the band from NpHR appeared at approximately
600 nm. NpHR is known to show a spectral blueshift (λmax:
600 → 580 nm) upon Cl− binding at the primary site (denoted as
“Site I” in Fig. 2) in the vicinity of the Schiff base. Cl− titrations showed
that Brub also changes its absorption spectrum [26,31]. Probably, Brub
responds to the Cl−-binding to the Site I through changes in its electro-
static environment and/or conformational changes of NpHRs. However,results for the KM-1membrane fragment. The buffer solution was 50mMHEPES, pH 7.0,
n after subtraction of the scattering contribution, which was estimated as described in the
tate are shown in Panel B. The absorbance changes at 635 nm (ΔA635) and the differences
nel C against Cl− concentration bymultiplying by “−1” for ΔA635 and “2” forΔA538–ΔA556,
e right panels (D–F). The buffer solution was 10 mMMES, pH 6.0, containing 0.1% DDM,
attering subtraction. The smooth lines in Panels C and F are the calculated best-ﬁt curves
n = 0.73 for ΔA635; Kd = 5.7 mM and n = 0.74 for ΔA538–ΔA556; Panel F, Kd = 2.9 mM
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two Cl− binding sites [11,31]. The second site (denoted as “Site II” in
Fig. 2) is located near the CP end of Brub and is surrounded by the
sidechains of Lys65 in one NpHRmonomer and Lys148 of a neighboring
NpHR. The third site (referred to hereafter as Site III) is located between
the B–C loop and F–G loop of NpHR at the EC surface. The Cl− at Site III
is not shown in Fig. 2 because this site is not clearly deﬁned due to its
weak afﬁnity [31]. To evaluate the relationship between the Brub spec-
tral changes and Cl− binding, we performed Cl− titrations to the claret
membrane suspension. The results were summarized in the left panels
of Fig. 3. The spectra of the claret membrane included large scattering
artifacts (Fig. 3A inset) which slightly changedwith changing NaCl con-
centration. Thus, we evaluated the scattering as shown by the broken
line in the inset of Fig. 3A (see Materials and methods section) and
displayed the spectra after subtraction of the scattering (Panel A). The
calculated difference spectra are shown in Panel B, in which the spec-
trum of the Cl−-free state has been used as the baseline. For compari-
son, the corresponding results for NpHR without Brub were shown in
the right panels. This NpHR in DDM-solubilized state was prepared
from the recombinant E. coli cells and thus did not form complexes
with Brub. The solubilized NpHR is known to be in a trimeric state
like in the KM-1 membrane, albeit without Brub [37]. In Panel D, the
spectra at varying Cl− concentration are shownwithout scattering sub-
traction and their difference spectra are shown in Panel E. As shown in
Panel E, a Cl− induced blueshift in the NpHR spectrum results in
smooth bilobes in the 450–720 nm region with an isosbestic point at
597 nm. On the other hand, the difference spectra for NpHR with
Brub (Panel B) show additional small peaks on the positive lobe, indi-
cating the change of Brub spectrum. In the original spectra shown in
Panel A, the three sharp bands from Brub appear at around 477, 506
and 541.5 nm. On the other hand, the peaks due to Brub in Panel B ap-
pear at 472, 504.5 and 538 nm,which are 1.5–5 nm lower than the peak
positions in the original spectra. This implies that Brub causes a slight
blueshift upon increasing Cl− concentration. To evaluate the relation-
ship between the spectral change of Brub and Cl− binding, the plots
in Panels C and Fweremade from Panels B and E, respectively. In Panels
C and F, the absorbance changes at 635 nm (ΔA635) and the differences
between ΔA538 and ΔA556 (ΔA538–ΔA556) are plotted against Cl− con-
centration by multiplying by “−1” for ΔA635 and “2” for ΔA538–ΔA556,
respectively. Brub has little absorbance above 600 nm. Thus, ΔA635
purely reﬂects the absorbance changes of NpHR due to Cl− binding to
Site I. This assertion was proved by the ﬁtting results: both ΔA635's in
Panels C and F were simulated well by Eq. (2) for the single Cl− binding
site. The Kd for NpHR with Brub (6.1 mM) was approximately 2-fold
greater than that of NpHR without Brub (2.9 mM). The Kd in the KM-
1 membrane might be inﬂuenced by the surface charges of the sur-
rounding lipids. On the other hand, a notable difference is observed in
ΔA538–ΔA556 between in the presence and absence of Brub. For NpHR
with Brub (Panel C), ΔA538–ΔA556 increased as the Cl− concentration
increased. In contrast, ΔA538–ΔA556 for NpHR without Brub (Panel
F) was negligible and independent of the Cl− concentration. Thus,
ΔA538–ΔA556 purely reﬂects the absorbance change of Brub. For NpHR
with Brub, the increase of ΔA538–ΔA556 almost matches the increase
of ΔA635. Actually, Kd determined from ΔA538–ΔA556 was 5.7 mM,
which is very close to the value from ΔA635 (6.1 mM), indicating that
Brub changes its absorption spectrum in response to the Cl− binding
to the Site I. In other words, Cl− binding to Sites II and III cannot be de-
tected by the change in Brub. As described above, Site II is located at the
CP end of Brub, and so Cl− binding to Site II could have signiﬁcant im-
pact on the Brub spectrum. Thus, Site II probably does not bind Cl− in
aqueous suspension. Supporting results were reported from the molec-
ular dynamics simulation by Jardón-Valadez et al., where the crystal
structure shown in Fig. 2 was used as the starting coordinate [38].
Within the ﬁrst ns of trajectory, the Cl− at Site II moved away into
aqueous medium, whereas the Cl− at Site I remained close to its origi-
nal position.3.2. Brub spectral change during the NpHR photocycle
Next, we performed the ﬂash-photolysis experiments on the KM-1
membranes to detect the Brub spectral changes during the NpHR
photocycle. In the dark state, Cl− binding to Site I causes the spectral
change of Brub. On the other hand, ﬂash-induced release of Cl− should
cause the opposite spectral change of Brub. Fig. 4 shows the ﬂash-
induced absorbance changes of KM-1 membrane at four Cl− concentra-
tions. The top panels show the time-dependent absorbance changes at
three typical wavelengths. At 500 nm, L1, L2 and N are mainly observed.
At 580 and 640 nm, the original NpHR and O are mainly observed, re-
spectively. The panels in the second and third rows are the light-dark
difference spectra in two time regions and are separated by the time
for themaximum accumulation of O. In our apparatus, the K intermedi-
ate is not clearly observed due to its fast decay. Thus, the ﬁrst observed
intermediate is L1, which corresponds to the positive peaks at approxi-
mately 500 nm in the panels in the second row. The negative peaks at
approximately 580 nm in the same panels are due to the disappearance
of the original NpHR by the ﬂash excitation. Over time, the peak at ap-
proximately 500 nm decreases with a concomitant increase of the
peak at approximately 640 nm, which reﬂects the accumulation of O.
It is noteworthy that the small peaks due to Brub appeared at 450–
550 nm as O accumulation increased. Then, these peaks disappeared al-
most simultaneously as O accumulation disappeared, as shown in the
panels in the third row. For comparison, the ﬂash-induced absorbance
changes of NpHR without Brub are shown in the left panels of Fig. S1,
where small peaks are never observed and the difference spectra are
smooth at all times. Brub might change its spectrum by the photoreac-
tion of Brub itself. However, this possibilitywas ruled out by observation
using red ﬂashes shown in right panels of Fig. S1. The peaks due to Brub
were also appeared by actinic ﬂashes longer than 580 nm where Brub
has no absorption. Thus, Brub causes spectral change in response to
the photoreaction of NpHR. As shown in Fig. 4, O accumulation de-
creases with increasing Cl− concentration (from left to right columns).
Concomitantly, the peaks due to Brub also decreased. These results
imply that O formation is associated with Cl−movement from Site I.
To clearly show which intermediate induces the spectral change of
Brub, we analyzed the ﬂash-induced absorbance changes according to
the sequential irreversible model. In this analysis, data at all measuring
wavelengths were ﬁt simultaneously to the multiexponential function.
Previously, we showed that the photocycle of NpHR was adequately de-
scribed with a 4 exponential function, which indicated the existence of
four kinetically distinguishable intermediates (Pi, i = 1–4). This result
was also valid for NpHR in the KM-1 membrane fragments at any Cl−
concentrations. The ﬁnal obtained Pi spectra are shown in the bottom
panels of Fig. 4 together with the spectrum of the unphotolyzed dark
state (P0). The corresponding decay rate constants of the Pi states are
summarized in Fig. S2. It is noteworthy that in the spectra of the P3
state, small peaks due to Brub were clearly apparent. The P3 state is the
quasi-equilibrium between N (a short wavelength product) and O (a
longwavelengthproduct), and this equilibriumshifts fromOtoNwith in-
creasing the Cl− concentration. Careful inspection indicates that thepeaks
due to Brub become small as the Cl− concentration increases. Thus, the
spectral change of Brub is probably associated with O and not with N.
These results are consistent with the idea that O is the Cl− releasing
state. The precursors P1 and P2, which correspond to L1 and L2, respective-
ly, do not contain the contributions of Brub in their spectra. On the other
hand, the last product P4, which mainly corresponds to NpHR′, has small
but distinct peaks due to Brub in its spectrum. This implies that at NpHR′,
the position of captured Cl− from EC side and/or the conformation of
NpHR are not fully restored to those in the original dark state.
3.3. Membrane potential dependence of the NpHR photocycle
The Cl− transfer is composed of three processes: Cl− displacement
inside the protein, Cl− release to the CP medium and Cl− uptake from
Fig. 4. Flash-induced absorbance changes of the KM-1 membrane fragment at four Cl− concentrations. The buffer solutions are 50mMHEPES, pH 7.0, including various concentrations of
NaCl. The top panels show the time-dependent absorbance changes at three typical wavelengths, which are denoted in the panels. The smooth lines are the best-ﬁt results to a four ex-
ponential function. The panels in the second and third rows show the light minus dark difference spectra in two time regions, which are separated by the time of the maximum accumu-
lation of O. The spectra are collected on a logarithmic time scale. The bottom panels show the calculated absolute spectra of kinetically deﬁned states P1–P4 and the spectrum of the
unphotolyzed state P0 (gray thick line). The determined rate constants of these states are plotted in Fig. S2.
Fig. 5.Membrane-potential induced modulation of the NpHR photocycle. Flash-induced ab-
sorbance changes were measured for the KM-1 membrane vesicles, and the time-traces at
three typical wavelengths are shown here. The membrane potential of−118 mV was im-
posed by potassium diffusion in the presence of valinomycin. For the membrane potential
of 0mV, TPT andCCCPwere added to cancel thepotential imposedby the activationofNpHR.
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membrane potential. Thus, we examined the membrane-potential ef-
fect on the photocycle using the cell-envelope vesicles. The KM-1 cells
overexpress NpHR and, thus, NpHR-enriched cell-envelope vesicles
could be obtained. These were used in the ﬂash-photolysis experiments
to produce data with sufﬁcient S/N ratios. We prepared the cell-
envelope vesicles by a freeze–thaw method and loaded them with
3.3 M KCl. These vesicles showed high Cl− pumping activity upon
light irradiation (data not shown). Their right-side-out ratio was ap-
proximately 70% of the total vesicles, which was checked by the mena-
dione/NADH method [33]. For the ﬂash-photolysis experiments, the
vesicles were diluted 100 times into 3.3 M NaCl. Then, a potassium ion-
ophore, valinomycin, was added to induce a potassium diffusion poten-
tial of about−118mV (seeMaterials andmethods section). Even in the
absence of valinomycin, a small negative potential is probably imposed
because the laser ﬂashes and themonitoring light activates the NpHR in
the cuvette. To carry out measurements at a 0 mVmembrane potential,
TPT and CCCP were added to the vesicle suspension instead of
valinomycin. Fig. 5 shows the time-dependent absorbance changes at
three typical wavelengths at−118mV and 0mVmembrane potentials.
Independently, it was conﬁrmed that valinomycin, CCCP and TPT did
not affect the photocycle observed for the KM-1 membrane fragment
Table 1
Decay rate constants of Pi states in the absence and presence of an imposed interior neg-
ative membrane potential.
0 mV [ms−1] −118 mV [ms−1] Change in %a
k1 2.6 2.7 +2.3
k2 1.4 1.4 +1.3
k3 0.55 0.43 −22
k4 0.075 0.068 −9.0
a The changes from the values at 0 mV are shown in percent.
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caused by the imposedmembrane potential. Themost prominent effect
appeared in the time course of O, whose accumulation is observed at
640 nm: The negative membrane potential caused accumulation of O
to become small and its decay to slow down. These ﬂash-photolysis
data were analyzed with the same procedure described above. Even in
the presence of an inducedmembrane potential, the photocyclewas de-
scribed by the P1–P4 states. Their absolute spectra are shown in Fig. 6 to-
gether with those at 0 mV. A distinct membrane potential dependence
appeared in P3 state. The N–O quasi-equilibrium was shifted to N by
the negative membrane potential. This result implies that the N to O
transition is theCl− releasingprocess, which is hindered by thenegative
membrane potential. The other spectra (P1, P2 and P4) were indepen-
dent of the membrane potential. This result is consistent with these
states containing the physically deﬁned intermediates, L1, L2 and
NpHR′, respectively. As described above, at lower Cl− concentration,
P4 includes a contribution of O. This contribution becomes negligible
at high Cl− concentration (3.3 M). The determined decay rate constants
of Pi states (ki) are summarized in Table 1. The negative membrane po-
tential clearly slowed down the decay of P3 state (k3,−22%), which cor-
responds to the formation of NpHR′, the P4 state. In the previous reports,
the formation of NpHR′was assigned to the Cl− uptake from the ECme-
dium [14,20]. In addition to this Cl− movement, the shift of the N–O
equilibrium in the P3 state might relate to the deceleration of P3 decay,
which will be discussed below.
4. Discussion
4.1. Opposite-directed spectral changes of Brub observed for the
unphotolyzed and photolyzed NpHR states
In the dark state, Brub caused spectral change in response to the Cl−
binding to Site I. During the photocycle, this Cl− should be moved and
then released to the CP medium. Cl− displacement out of Site I should
cause the opposite-directed spectral change of Brub. After the ﬂash irra-
diation, Brub changed its spectrum almost synchronously with the OFig. 6.Membrane-potential induced modulation of the spectra of the Pi states. The calculated ab
circles and solid line) are shown together with the spectrum of unphotolyzed state P0 (thick gformation (see Fig. 4). Fig. 7 contains the plots that compare the spectral
changes of Brub in the dark state and during the photocycle. Here, the
four data shown in Figs. 3, 4 and Fig. S1 are replotted together. The
data 1 and 2 are the results for the KM-1 membranes: 1, the spectral
change upon the Cl− binding to NpHR at the dark state, and 2, the
ﬂash-induced spectral change when the accumulation of O reaches
the maximum. Data 3 and 4 are the corresponding spectral changes in
the absence of Brub. Above 600 nm, Brub has no absorption. Thus, the
datawithout Brub (3 and 4) are plotted after beingmultiplied by appro-
priate coefﬁcients to superimpose these data above 600 nm onto the
corresponding data with Brub (1 and 2), respectively. The vertical
lines are guides to show the peak positions due to Brub. As shown
here, the peak shapes are almost opposite between the data 1 and 2, in-
dicating that the spectral changes of Brub are opposite between them.
The difference between 1 and 3 indicate that, upon the Cl− binding to
unphotolyzed NpHR, the absorbance of Brub increases at the solid line
positions and decreases at the broken line positions, respectively. Dur-
ing the photocycle, Brub causes the opposite absorbance change,
which are deduced from the difference between 2 and 4. In this case,
Brub decreases its absorbance at the solid line positions and increases
at the broken line positions, respectively. These absorbance changes of
Brub are schematically shown by the upward and downward arrows
in the ﬁgure. The opposite-directed spectral changes of Brub indicate
that, during the photocycle, Brub changes its spectrum in response to
Cl− displacement from Site I.solute spectra of the Pi states at 0 mV (open circles and broken line) and−118mV (ﬁlled
ray line).
Fig. 7. Directions of the change in the Brub spectra in the dark state and during the
photocycle. Four absorbance changes shown in Figs. 3, 4 and S1 are replotted: 1, the absor-
bance change of KM-1membrane by the addition of 400 mM Cl− in the dark state; 2, the
ﬂash-induced absorbance change of KM-1membrane at 5ms in the presence of 0.1MCl−;
3, the absorbance change of NpHR puriﬁed from E. coli by the addition of 400 mM Cl− in
the dark state and plotted heremultiplied by 0.73; 4, theﬂash-induced absorbance change
of NpHR puriﬁed from E. coli at 2.2ms in the presence of 25mMCl− and plotted heremul-
tiplied by 0.80. The vertical lines are guides to show the peak positions due to the spectral
change of Brub.
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As shown in the bottom panels of Fig. 4, the Brub spectral change ap-
peared in the P3 state. Because P3 is the quasi-equilibrium between N and
O, further analysis was performed to clearly showwhich intermediate (NFig. 8.Decompositions of the P3 spectra. (A) Cl− concentration dependence of the P3 spectra, wh
the P3 states are plotted against Cl− concentration. This plot represents themole fraction ofO con
Cl− binding: N↔O+Cl−. The determinedKd is 3.7M. Panels (C) and (D) are thedecompositio
O intermediates. These spectra involve small peaks at 450–550 nm if these intermediates induc
and 4M Cl−, respectively. The spectra attributable to O (labeled “O+ΔBrubO”) were calculated
4MCl−, respectively,whose valueswere determined fromPanel B. Then, the spectra attributabl
O from the respective P3 spectra.or O) involves the spectral change of Brub. In Fig. 8A, the P3 spectra at
four Cl− concentrations were replotted. The isosbestic point at approx-
imately 550 nm indicates the transition between the two components,
N and O. In Panel B, the relative absorbance at 640 nm is plotted against
Cl− concentration. At longer wavelengths, only O has absorbance, and
so this plot represents the mole fractions of O of P3 state. Indeed, this
plot was well ﬁt by assuming a single order binding by Cl−:
N↔ O + Cl−. The determined Kd is 3.7 M. This successful ﬁtting itself
suggests O to be the Cl− free state. The Kd of 3.7 M is larger than the Kd
of approximately 1 M, which was determined for the DDM-solubilized
state [20]. The Kd for Cl− release might be affected by the surrounding
environment. At 0.1 M Cl− (≪Kd = 3.7 M), the mole fraction of O is
close to 1. Thus, spectral change of Brub deﬁnitely occurs at O; namely,
the P3 spectrum at 0.1 M Cl− consists of the spectrum of O and spectral
change of Brub at O. The sum of these spectral components is hereafter
referred to as “O + ΔBrubO”. The following calculations were carried
out to examine whether the spectral change of Brub also occurs at N.
Panels C and D show the decompositions of the P3 spectra at 1 M NaCl
(P3_1M in Panel C) and 4MNaCl (P3_4M in Panel D) into the spectra attrib-
utable to N and O. From Panel B, the mole fractions of O at 1 M and 4 M
Cl− are determined to be 0.79 and 0.48, respectively. Thus, we can calcu-
late the “O+ΔBrubO” at these Cl− concentrations from the P3_0.1M spec-
trum by multiplying 0.79 for 1 M Cl− and 0.48 for 4 M Cl−, respectively.
Then, the spectrum attributable to N, “N+ ΔBrubN”, are determined by
the subtraction of the “O+ ΔBrubO” from the corresponding P3 spectra.
These spectra attributable to N and O are shown in Panels C and D. It is
noteworthy that at both Cl− concentrations, the spectral change of
Brub was associated with O but not with N; namely, ΔBrubO≠ 0 but
ΔBrubN = 0. This result means that O formation involves the large Cl−
displacement from Site I. As proposed previously [14], this displace-
ment probably corresponds to the Cl− release to the CP medium. Onichwere already shown in the bottompanels of Fig. 4. (B) Relative absorbance at 640 nmof
stituting the P3 state. The smooth line is the calculated bestﬁt-curve assuming single order
ns of the P3 spectra at 1MCl− (C) and 4MCl− (D) into the spectra attributable to theN and
e the spectral changes of Brub. The lines labeled “P3_1M” and “P3_4M” are P3 spectra at 1 M
from P3 spectrum at 0.1M (labeled “P3_0.1M”) bymultiplying 0.79 for 1M Cl− and 0.48 for
e toN (labeled “N+ΔBrubN”)were calculatedby the subtraction of spectral components of
Fig. 9. Calculations to compare the spectral changes of Brub associated with O and NpHR′.
The spectral change of Brub (ΔBrubNpHR′) was estimated by the spectral subtraction of P0
from P4 at 4 M Cl−. The absorption spectrum of P3 state at 0.1 M Cl− (P3_0.1 M) consists of
the pure spectrum of O and the Brub spectral change at O (ΔBrubO). The smooth line is the
result of spectral calculation “P3_0.1M–1.5 ×ΔBrubNpHR′”. Note that the peaks due to Brub in
P3_0.1M disappear by this spectral calculation, suggesting ΔBrubO = 1.5 × ΔBrubNpHR′. For
details, see text.
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vicinity of Site I.
4.3. O forms from N and decays to NpHR′
N and O appear simultaneously in the P3 state. In our previous anal-
ysis on DDM-solubilized NpHR [20], thus, an uncertainty remained in
the sequential order of N and O. To determine this order, we had taken
into account a faint contribution of O in the P4 spectrum. This contribu-
tion seems larger for the KM-1 membrane. As shown in the bottom
panels of Fig. 4, P4 spectra contains NpHR′ as the main component and
a small contribution of a long wavelength product, which probably cor-
responds to O. This contribution is prominent at lower Cl− concentra-
tions, implying the existence of a Cl−-dependent quasi-equilibrium,
O + Cl−↔ NpHR′. On the other hand, N contribution to P4 seems not
appear at any Cl− concentration. Thus, NpHR′ probably forms from O,
and O forms from N. Moreover, additional evidence was obtained from
the appearance of Brub spectral change in the P4 state. Until 0.3 M Cl−,
the P4 spectra clearly contain the contribution of O and simultaneously
contain the spectral change of Brub. This result is consistent with that
ΔBrubO≠ 0. It is noteworthy that at high Cl− concentration (1 M and
4 M), P4 does not contain O while spectral change of Brub appears.
This result indicates that the change of Brub spectrum appears in O
and remains in NpHR′. Thus, O forms from N and then decays to NpHR′.
4.4. Comparison of the Brub spectral change of O and NpHR′
The P4 spectrumat 4MCl− consists of the spectrumof NpHR′ and its
involved Brub spectral change as described by:
P4 4M ¼ NpHR0 þ ΔBrubNpHR0 ð3Þ
Eq. (3) and the following Eqs. (4)–(7) represent spectral calcula-
tions. Because NpHR′ has almost the same spectrum with P0 state,
ΔBrubNpHR′ is estimated by:
ΔBrubNpHR0 ¼ P4 4M–P0 ð4Þ
The calculatedΔBrubNpHR′ is plotted in Fig. 9. On the other hand, the
spectrum of P3 at 0.1 M Cl− is described by:
P3 0:1M ¼ Oþ ΔBrubO ð5Þ
To compare themagnitude ofΔBrubO andΔBrubNpHR′, we calculated
the following spectrum:
P3 0:1M−α ΔBrubNpHR0 ð6Þ
By using Eq. (5), Eq. (6) can be rewritten as
Oþ ΔBrubO− α ΔBrubNpHR0 ð7Þ
The smooth line in Fig. 9 is the calculated result whenα is 1.5, which
was determined so that the calculated spectrum becomes smooth and
does not contain the spectral change of Brub. The smooth spectrum cor-
responds to the pure spectrum of O. The “smoothness” suggests that the
“shapes” of the Brub spectral changes are almost the same between at O
and NpHR′, and their magnitudes have the relationship of ΔBrubO =
1.5 × ΔBrubNpHR′. Thus, the larger spectral change of Brub appears in
state O, supporting that O is the Cl− releasing state. During the subse-
quent O to NpHR′ transition, on the other hand, the Brub spectral
change decreases only 33%. This results suggests that NpHR′ is not the
simple precursor of the original dark state. A prominent difference
should exist between NpHR′ and the dark state. Judging from the ab-
sorption spectrum, NpHR′ appears to bind Cl− around the original Site
I. Thus, the spectral change of Brub at NpHR′might reﬂect the alteredconﬁguration of Brub due to the altered conformation of the neighbor-
ing NpHR. Probably, a large conformational change occurs at O and it
remains at NpHR′. The recovery from NpHR′ to original dark state (the
decay of P4 state) is the slowest process during the photocycle, which
might be due to the substantial difference between the conformations
of NpHR′ and the original dark state.
4.5. Electrogenic processes during the NpHR photocycle
By using the cell envelope vesicles, we examined the membrane
potential-induced modulation of the photocycle. A interior negative
membrane potential hinders the inward movement of Cl−. Previous
studies suggested that during the formation of N, Cl−moves from Site
I to the CP channel over the Schiff base [15,19,20]. However, the forma-
tion of N, which probably corresponds to the P2 to P3 transition, did not
slow down when a interior negative membrane potential was imposed
(see k2 values in Table 1).Moreover, formation of N does not involve the
spectral change of Brub. From previous studies, we infer that at N, the
Cl− may interact with the OH group of Thr218 because mutations of
this residue signiﬁcantly affect the quasi-equilibrium between N and
O [21]. This residue is located only about one helix turn away from the
Schiff base. Thus, the Cl− displacement might be short to cause a signif-
icant electrogenicity, which might be a reason of no spectral change of
Brub at N.
The prominent effects of the imposedmembrane potential appeared
in the N–O equilibrium in the P3 state and its decay rate, k3. We ob-
served a shift in the N–O equilibrium toward N. This shift is consistent
with the N to O transition being associated with Cl− release to the CP
medium. Another observation is the deceleration of k3. The subsequent
P4 state is regarded to NpHR′ as a main component, which probably
binds Cl− in the vicinity of Site I. The P3 decay mainly represents the
transition rate from O to NpHR′, and so the rate k3 is described as fol-
lows:
k3 ¼ k0  O½   Cl−½  ð8Þ
where [O] and [Cl−] denote themole fraction of O in P3 state and the Cl−
concentration in the medium, respectively. The constant k0 is the pro-
portionality coefﬁcient and depends on the membrane potential if the
Cl− transfer is electrogenic. As described above, [O] also depends on
757T. Kikukawa et al. / Biochimica et Biophysica Acta 1847 (2015) 748–758the membrane potential. The relative absorbance at 640 nm of P3 state
represents [O] (see Fig. 8B). For the P3 shown in Fig. 6, the relative
absorbance at 640 nm decreases approximately 16% upon imposition
of the −118 mV membrane potential, indicating that the membrane
potential-induced shift of the N–O equilibrium could lower k3 approxi-
mately 16%. On the other hand, the observed decrease of k3 is approxi-
mately 22% (Table 1). Thus, the shift of the N–O equilibrium is the main
cause of the deceleration of k3. The further deceleration is probably caused
by a decrease of k0, reﬂecting the electrogenicity of the Cl− transfer in the
EC channel. Thus, the membrane potential appears to have signiﬁcant ef-
fects on the Cl− transfer in the CP channel compared to those in the EC
channel. This result might be consistent with previous reports: Ludmann
et al. [15] andMuneyuki et al. [19] detectedmuch smaller electrogenicity
during the NpHR′ formation compared to that during the O formation.
These observations may reﬂect the difference in dielectric constants of
CP and EC channels. As revealed by the crystal structure at the dark
state [11], the CP channel mainly consists of hydrophobic residues,
while the EC channel consists of many hydrophilic residues and water
molecules. The molecular dynamics simulation for the dark state also
showed that there are more water molecules in the EC channel than in
the CP channel [38]. For the photolyzed state, the CP channel opening
and the resultant hydration of the channel were suggested from the
FTIR [39] and ﬂash-photolysis studies [21]. Even at this photolyzed
state, the CP channel may still have a smaller dielectric constant such
that the Cl− transfer in the channel is more electrogenic compared to
that in EC channel. In addition to the dielectric constant, the length of
Cl−-transfer pathway can also affect the magnitude of electrogenicity.
However, the Cl− location at N is not clear at present, and so the length
for Cl− release could not be deﬁned. Thus, further studies are required
to clarify the molecular origin of the observed effects of the transmem-
brane potential.
The last rate constant k4 slightly decreases (−9.0%) by the imposi-
tion of the negative membrane potential. This result might reﬂect the
existence of the Cl− binding site near the EC surface. Previous reports
proposed the existence of such a site [17,21]: That is, the Cl− at the
site near the EC surface is transferred to Site I during the O to NpHR′
transition, and then another Cl− binds to the vacant site near the EC sur-
face during the NpHR′ to original state transition. The ﬁnal Cl− binding
to the EC surface might involve a small electrogenicity and be delayed
by the negative membrane potential. This site might be identical to
Site III as describe above. The detailed characterization of this site awaits
future studies.
Previously, we examined the membrane voltage dependence of the
Cl− pumping activity under the constant illumination [40], where we
expressed NpHR in Xenopus oocyte and measured the activity via photo-
induced current across the cellmembrane. Due to the uphill transport, the
pumping activity linearly decreased with increasing negative membrane
potential. By imposing a potential of−120mV, the activity decreased ap-
proximately 32% from that at 0 mV. From the standpoint of the turnover
rate, the activity should bedeterminedby the slowest rate of k4 during the
photocycle. In the present study, k4 decreases approximately 9% by the
imposition of−118 mV (Table 1). As described above, the right-side-
out ratio was approximately 70%. Thus, 9% is probably an underestimate.
However, a 32% decrease in the activity is not explained by only the delay
of the turnover rate. Another possibility is that the negative membrane
potential induces NpHR to return to the original state through a
nonelectrogenic pathway. The N–O equilibrium in state P3 is sensitive to
the negative membrane potential and clearly shifts toward N. Thus, the
transitions of N to NpHR′ or NpHR might be induced. A previous FTIR
study proposed a similar transition in the presence of high concentrations
of Cl−, although the L2 to NpHR transition was assumed by them [39].
5. Conclusions
We examined the photocycle of NpHR using a mutant strain KM-1,
which enabled measurements using Brub as the intrinsic probe. Wealso conducted these experiments with an imposed interior negative
membrane potential. In the dark state, Cl− binding to Site I induces
the Brub spectral change. On the other hand, oppositely directed change
of Brub spectrum appeared during the photocycle. The detailed data
analysis according to the sequential irreversible model showed that
the spectral change of Brub is associatedwith O andNpHR′ but is not as-
sociated with N. This result indicates that O forms from N and decays to
NpHR′. Large spectral change of Brub associatedwith O supports Cl− re-
lease during the N to O transition. Judging from the similar absorption
spectra of NpHR′ and the dark state, NpHR′ is already bound by another
Cl− at the vicinity of Site I. Thus, Brub spectral change associating with
NpHR′ probably reﬂects the remaining protein conformational change
for the Cl− release. The imposition of an interior negative potential
caused a distinct shift in the N–O quasi-equilibrium toward N. This re-
sult also supports the supposition that Cl− is released during the N to
O transition. The membrane potential largely affected the Cl− releasing
process at the CP side, while a smaller effect was observed for the Cl−
transfer in the EC channel. This result might reﬂect the differences in
the dielectric constants of CP and EC channels.
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